The role of calcium in the control of respiration by the mitogen concanavalin A (ConA) was investigated in rat thymocytes. ConA induced an increase in both mitochondrial respiration and the mitochondrial calcium pool. The stimulation of respiration was shown to be independent of the increase in mitochondrial calcium: the calcium pool declined after 3 min, whereas the respiration increase was persistent, and was not affected by depletion of the calcium pool or by buffering intracellular Ca2" transients with quin2. The mitogen phytohaemagglutinin stimulated respiration to the same extent as ConA, but did not increase the mitochondrial calcium pool. In addition, respiration was unaffected by changes in the mitochondrial calcium pool induced by increasing or decreasing extracellular calcium. These results indicate that control of respiration is not located in the Ca2"-sensitive mitochondrial dehydrogenases. The ConA-induced increase in respiration could be blocked by oligomycin, suggesting control by cytoplasmic ATP turnover, and was not associated with detectable changes in NAD(P)H fluorescence, indicating a balance between increased electron transfer and increased supply of reduced substrates.
INTRODUCTION
The factors which control respiration rate, and the mechanisms by which changes in respiration rate are brought about, have not been thoroughly described for any intact cell system. Comparatively more is known about the control of respiration in isolated mitochondria; when this information is extrapolated to intact cells, it can be argued that respiration is probably controlled by relatively few factors: the kinetic properties of the components of oxidative phosphorylation, the supply of substrates (NADH, reduced ubiquinone and 02) and the phosphorylation state of the adenine nucleotides (ATP/ ADP ratio) (for review, see [11) .
One mechanism for controlling the supply of reduced substrates is by controlHing the activity of intramitochondrial dehydrogenases. Denton & McCormack [2, 3] have proposed that increases in cytoplasmic free Ca2" can lead to parallel increases in mitochondrial Ca2" and activation of Ca2"-sensitive dehydrogenases. Extracellular stimuli which activate ATP-utilizing processes often increase cytoplasmic Ca2" as well, and the Ca2+-activation of dehydrogenases may be a mechanism for enhancing the supply of ATP without decreases in the ATP/ADP and NADH/NAD+ ratios [2] . There is now convincing evidence that Ca2"-mobilizing stimuli do lead to a Ca2"-dependent activation of dehydrogenases in rat liver [4] , rat heart [5] and pig lymphocytes [6] .
We have been studying the mitogenic stimulation of rat thymocytes as a model system for the control of respiration. Mitogens have previously been shown to stimulate respiration in lymphocytes in general and in rat thymocytes in particular (reviewed in [7] ). A number of growth factors and mitogens rapidly mobilize calcium and increase cytoplasmic free Ca2" in many cell types, and this has also been demonstrated in mouse and rat thymocytes [8, 9] . It has been proposed [10, 11] that the increase in cytoplasmic Ca2" in lymphocytes may increase mitochondrial Ca2+ and activate dehydrogenases, accounting for the observed stimulation of respiration. In a previous paper [12] , we described a method for estimating the size of the mitochondrial calcium pool in rat thymocytes, and demonstrated an increase in the size of this pool after mitogenic stimulation by concanavalin A (ConA). In the present paper we investigate the relationship between the mitochondrial calcium pool and respiration rate, and demonstrate that the mitogeninduced increase in respiration does not require an increase in the mitochondrial calcium pool; moreover, the mitochondrial calcium pool does not play a significant role in the control of respiration in these cells under these conditions.
EXPERIMENTAL Preparation of thymocytes
Thymocytes were prepared from 4-6-week-old female rats as previously described [12] . Incubation medium was RPMI 1640 as previously described [12] , containing 0.42 mM-calcium, 2 mM-glutamine and buffered with 10 mM-Hepes and 24 mM-NaHCO3. For labelled with 45Ca and 3H20 and rapidly centrifuged through a wash medium containing 2 mM-EGTA (final concn.) and an oil layer. Total pellet radioactivity was corrected for extracellular volume, and the ratio of 45Ca/3H20 in the cell pellet was converted into intracellular [calcium] in 4umol/l of cell water. The technique measures exchangeable calcium, which is assumed to be proportional to total calcium and free Ca2+. To measure the mitochondrial calcium pool, cells were incubated with 10 ,g of oligomycin/ml with or without 5 ,uM-rotenone, for 5 min before centrifugation. The difference in intracellular calcium between these two treatments is described as the rotenone-releasable calcium pool, and is taken to represent the exchangeable mitochondrial calcium pool, as discussed previously [12] . For experiments involving 4 Autofluorescence was measured with a fluorescence spectrophotometer by using excitation and emission wavelengths of 355 and 450 nm. These wavelengths were chosen after determining reduced-versus-oxidized spectra, scanning emission at a fixed excitation wavelength and vice versa. Cells were maintained at 37°C in a thermostatically controlled 1 ml quartz cuvette. Baseline fluorescence was established for 3-5 min before additions. The observed changes in fluorescence after additions were corrected for the autofluorescence of the reagents themselves; these addition artifacts were estimated from sequential additions to cells.
Statistics
Results are reported as means+ S.E.M. (n). Data were evaluated by Student's t test for paired or unpaired data as appropriate; P values of less than 0.05 were considered significant.
RESULTS
The-dose-response relationship between ConA and stimulation of respiration is presented in Fig. 1 . Respiration in these cells was inhibited to approx. 20 of the basal rate by 1 /tM-myxothiazol, indicating that nearly all respiration was mitochondrial; the increase in respiration with ConA was completely abolished by myxothiazol. The response of the mitochondrial calcium pool to ConA is presented in Fig. 1 concentration for the increase in respiration may be higher than the optimum for the increase in mitochondrial calcium. The optimal mitogenic concentration of ConA was previously determined [12] (Fig. 2a) , the stimulation of respiration was persistent (Fig. 2b) and had not declined even after 60 min (results not shown). These results indicated that Vol. 256 the persistent stimulation of respiration was not correlated with changes in the mitochondrial calcium pool.
To determine whether the initial increase in respiration (within 3 min) required an initial increase in the mitochondrial calcium pool, we pre-treated cells with EGTA before ConA addition. A 3 min pre-treatment with EGTA completely blocked the increase in the calcium pool and depleted the pool found in resting cells as well, but did not block the ConA-induced increase in respiration (Table 1, line 3) . The mitogenic lectin phytohaemagglutinin, which has been shown to be mitogenic for these cells [15] , also induced an increase in respiration, but did not increase the mitochondrial calcium pool (Table 1, line 4) .
From these results it appeared that the stimulation of respiration did not require an increase in the mitochondrial calcium pool at 3 min. It is possible, however, that a rapid Ca2" 'spike' could be necessary to trigger some process required for the increase in respiration, and such a spike would not be detected by the method used to measure the mitochondrial calcium pool. Rapid Ca"+ transients have been seen in several cell types loaded with the sensitive Ca2" indicators fura2 or indol: for example, in mouse B lymphocytes stimulated by anti-Ig, a rapid Ca2" spike is seen in individual cells loaded with fura2 [16] and in cell populations loaded with indol [17] . Such rapid Ca2" transients can be prevented by loading cells with a high concentration of a calcium buffer [17] , and we have therefore measured respiration in cells loaded with the fluorescent Ca2" indicator quin2. Fig. 3 presents typical fluorimeter traces of the ConA effects on cytoplasmic free Ca2" in quin2-loaded cells. The mean Ca2" concentrations measured for three cell preparations were 76 + 6 nm in resting cells and 301 + 56 nm 3 min after ConA addition. Pre-treatment with EGTA for 3 min largely blocked the increase in Ca2+, and no rapid transients were seen; the increase in cytoplasmic free Ca2`after ConA was less than 25 nM. The effects of quin2 loading on respiration are presented in Table 1 , lines 5 and 6. Quin2 did not significantly affect the respiration rate of resting cells (results not shown), and did not block the ConA-induced increase in respiration. Pre-treatment with EGTA partially blocked this increase. This experiment does not rule out the possibility that the small increase in Ca2" seen with EGTA-treated quin2-loaded cells was necessary for the increase in respiration, but it is clear that no large Ca2`transients were required.
The lack of effect of calcium depletion on the ConAinduced respiration increase led us to consider whether changes in mitochondrial calcium by other means could affect respiration. In quin2-loaded cells, increasing the extracellular calcium concentration from 0.42 mm to 4 or 5 mm produced large and variable increases in cytoplasmic free Ca2`(roughly 10-fold; results not shown). From studies with isolated mitochondria [18] , it can be predicted that such an increase in cytoplasmic Ca2s hould lead to an increase in mitochondrial Ca2", and we assayed the expected increase in the exchangeable mitochondrial calcium pool in 45Ca-labelled cells. With high external calcium, it was necessary to modify the technique for removing extracellular bound 45Ca (see the Experimental section). With this wash' procedure, the ConA-induced increase in mitochondrial calcium appeared to be only 9 Ismol/l (rather than 46 umol/I; see Table 1 , line 2), and therefore the mitochondrial calcium pools reported for high external "calcium may be Having demonstrated that the ConA-induced increase in respiration was independent of changes in the mitochondrial calcium pool, we attempted to identify other factors which might control respiration in these cells. One possibility would be an increased supply of reduced substrates from glycolysis. When cells were treated for 20 min with the glycolytic inhibitor 2-deoxy-D-glucose at -50 mm, ConA could still induce an increase in respiration (results not shown), indicating that glycolytic flux may not be required for the response. We next explored the possibility that the respiration response may result from a decrease in the cytoplasmic ATP/ADP ratio. Oligomycin, an inhibitor of the mitochondrial ATPase, completely reversed the ConA-induced stimulation of respiration (Fig. 4) , indicating that the response requires mitochondrial ATP synthesis. Several inhibitors of ATP-utilizing processes were screened for their effects on the basal respiration rate and on the ConA response, but we were unable to identify a likely source for the stimulation. Inhibition of the Na+/K+-ATPase with 0.5 mM-ouabain inhibited basal respiration by less than 1 %, and had no effect on ConA stimulation. The cationophore gramicidin at 0.1 tM stimulated respiration by 3700, presumably by collapsing the Na+/K+ gradient and stimulating the Na+/K+-ATPase, and this stimulation was completely blocked by ouabain; this experiment demonstrated that respiration could be stimulated by ATP turnover in these cells, and that ouabain was effective as an inhibitor at this concentration. The protein-synthesis inhibitor cycloheximide at 100,ug/ml inhibited basal respiration by 10 , but had no effect on ConA stimulation. Actinomycin D, an inhibitor of RNA synthesis, and colchicine, an inhibitor of microtubule treadmilling, had no effect on either the basal or the stimulated respiration rate, at concentrations of 10 jug/ ml and 300 ng/ml respectively.
Our results indicated that increases in calcium did not stimulate respiration in these cells, and that increased glycolytic flux was not required for the ConA response. The stimulation of respiration also appeared to be independent of protein kinase C activation: addition of 500 nM-TPA had no effect on respiration after 3 min (°0 other vertebrate tissues surveyed [2] . Although we have In addition to attempting to identify specific factors not directly measured the activities of these dehydrowhich may be controlling respiration, we also tried a genases in our system, it seems likely that their activities more general approach to determining whether the would have been affected by the changes in mitochondrial ConA-induced respiration increase was driven by sub- calcium. The purified dehydrogenases are reported to strate supply or ATP demand. Changes in the redox state respond to Ca2 , with half-maximal effects at around of the NAD(P)H pool should indicate changes in the I/tM-Ca2+ [2] . Our values for exchangeable mitochondrial balance between the supply of reduced substrates and the calcium (in /tmol/l of cell water) can be used to make rate of electron transfer. To detect any changes in the rough estimates of intramitochondrial free Ca2+, by reduced nicotinamide nucteotide pool, the endogenous using the following assumptions: (1) mitochondria NAD(P)H fluorescence was measured. As discussed by occupy 50 of the total cell volume, as in pig lymphocytes Sies [19] , the fluorescence signal will include contributions [20] ; (2) Similarly, the stimulation of respiration in perfused rat liver by phenylephrine [24] or glucagon [25] was reported to be blocked by depleting intracellular calcium pools. McCormack's work [4, 5] has demonstrated that hormones which are known to mobilize Ca2" and stimulate respiration in intact cells also increase mitochondrial calcium and thereby activate intramitochondrial dehydrogenases. In all these cases, however, the stimulation of respiration in intact cells has not been shown to depend on Ca2" stimulation of dehydrogenases; the stimulation could be mediated by other effects of hormones, such as increased ATP turnover. Better indirect evidence for a link between respiration and activation of dehydrogenases comes from the analysis of changes in NAD(P)H reduction. In rat hearts, reduction of the NAD(P)H pool corresponding to a stimulation of respiration was observed during increased work load [26] . In rat liver and hepatocytes [27, 28] , hormones which stimulate respiration and activate pyruvate dehydrogenase also increase NAD(P)H reduction in a calciumdependent manner, and NAD(P)H changes in parallel with cytoplasmic free Ca2". In spite of these studies, there
is not yet direct evidence in any intact cell system for control of respiration by Ca2"-sensitive intramitochondrial dehydrogenases. There are, however, several reports of a lack of correlation between respiration and calcium fluxes: calcium depletion was found to have no effect on pyruvate-stimulated respiration in guinea-pig synaptosomes [29] , and stimulation of respiration by glucagon or isoprenaline did not correlate with changes in cytoplasmic free Ca2l in rat hepatocytes [30] .
If the stimulation of respiration by ConA is not at the level of Ca2"-sensitive dehydrogenases, where is it? We have been unable in these experiments to identify any single process which could account for the change in respiration rate. The inhibition of the response by oligomycin (Fig. 4) initially suggested cytoplasmic ATP turnover. However, we were unable to identify any of the most likely ATP-utilizing processes in the cell as the source of a ConA-stimulated ATP demand, and, surprisingly, none of these processes appears to contribute significantly to the basal respiration rate, although they have been shown to do so in other cell types [31, 32] . It should be noted that oligomycin inhibits basal respiration to about 290 of control, and the failure to see a ConA stimulation under these conditions may mean simply that control of respiration has shifted to a different, ConA-insensitive, step. Increased substrate supply from glycolysis also does not appear to be necessary for the ConA-induced stimulation of respiration: 2-deoxy-Dglucose had no effect on the ConA-induced increase in respiration. Glycolysis may play only an insignificant role in energy metabolism in lymphocytes [7] ; glutamine and fatty acid oxidation may be the major fuels in these cells [I 1].
The measurement of NAD(P)H fluorescence did not provide any clues as to the factors controlling respiration in these cells. Neither the reduction expected with increased substrate supply nor the oxidation expected from increased ATP demand (or uncoupling) could be detected after ConA treatment. This is consistent with a previous report from this laboratory that ConA had no effect on the mitochondrial membrane potential in pig and mouse lymphocytes [20] . The lack of effect on NAD(P)H fluorescence indicates that ConA may activate processes both upstream and downstream of the NAD(P)H pool. Ca2" activation of dehydrogenases is apparently not responsible for the upstream activation: if this were the case, then in the presence of EGTA the downstream activation by ConA would produce an oxidation of NAD(P)H, but this was not observed.
Halestrap [33] has proposed a direct stimulation of the respiratory chain by glucagon in hepatocytes, but such a downstream activation alone cannot account for. our observations in thymocytes. One candidate for a regulatory signal might be ADP: an increase in the intramitochondrial ADP pool might activate the same dehydrogenases proposed to be Ca2"-regulated, as well as stimulating ATP synthesis. However, our results with gramicidin indicate that a stimulation of ATP turnover alone results in an oxidation of NAD(P)H, and therefore must have a greater effect on downstream that on upstream processes. Many factors may be involved in the ConA-induced increase in respiration in thymocytes, including the provision of reduced substrates from glutamine and fatty acid oxidation and ATP utilization by plasma-membrane transport systems and macromolecular synthesis. Thus a balance between 'push' and 'pull' on oxidative phosphorylation may maintain the NADH/NAD+ ratio and the mitochondrial membrane potential in these cells.
